Membrane bioreactors allow for higher sludge concentrations and improved degradation efficiencies with respect to conventional activated sludge. However, in the current practice these systems are often operated under sub-optimal conditions, since so far no precise indications have yet been issued on the optimal operating conditions of MBR for municipal wastewater treatment. This paper reports some results of four years of operation of a bench scale membrane bioreactor where steady state conditions were investigated under different sludge retention times. The whole experimental campaign was oriented towards the investigation of optimal process conditions in terms of COD removal and nitrification, biomass activity and growth, and sludge characteristics. The membrane bioreactor treated real municipal sewage, and four different sludge ages were tested (20, 40, 60, and 80 days) and compared with previous data on complete sludge retention. The results showed that the the biology of the system, as assessed by the oxygen uptake rate, is less affected than the sludge physical parameters. In particular, although the growth yield was observed to dramatically drop for SRT higher than 80 days, the biological activity was maintained under all the tested conditions. These considerations suggest that high SRT are convenient in terms of limited excess sludge production without losses of the treatment capacity. Physical characteristics such as the viscosity and the filterability appear to be negatively affected by prolonged sludge retention times, but their values remain within the ranges normally reported for conventional activated sludge.
INTRODUCTION
The adoption of membrane bioreactors (MBR) for the treament of municipal sewage often refers to upgrades of existing activated sludge plants, but the adopted process conditions sometimes do not take into account the opportunities offered by this technology. Operation of membrane bioreactors under process conditions similar to those of conventional activated sludge (CAS) only allows for partial exploitation of MBR potentials in terms of bioprocess optimization. With respect to conventional activated sludge, membrane bioreactors allow for higher biomass concentrations and normally provide higher degradation efficiencies, resulting in lower excess sludge production.
Other advantages of MBR over CAS include process flexibility towards influent changes, shorter start-up time, and limited footprint (Stephenson et al. 2000; Yang et al. 2006 ). On the other hand, high concentrations of solids may have negative effects on oxygen diffusion, requiring increased aeration power and possibly favouring the occurrence of anoxic zones. Moreover, the filtration performance could be negatively affected by higher suspended solids concentrations, requiring increased maintenance needs and The previous considerations usually drive the operators towards "prudent" management of membrane bioreactors in terms of suspended solids concentrations, since no precise indications have yet been issued on the optimal operating conditions of MBR for municipal wastewater treatment.
This piece of work reports results of a bench scale membrane bioreactor operated for about 4 years under different sludge ages and steady state biomass concentrations. The aim of the experimental campaign was to investigate optimal process conditions in terms of COD removal and nitrification, biomass activity and growth, and sludge characteristics. The membrane bioreactor treated real municipal sewage, and in order to assess optimal SRT for this type of application four different sludge ages were tested (20, 40, 60, and 80 days) and compared with previous data on complete sludge retention. 
MATERIALS AND METHODS

RESULTS AND DISCUSSION
The biomass concentration reached constant values after 8, 18, 19, 19 and 26 weeks, respectively for sludge retention times (SRT) of 20, 40, 60, 80 days and for complete biomass retention. The latter operational condition was assumed to approximate 1200 d SRT, taking into consideration the limited biomass withdrawal due to sampling and occasional losses due to membrane cleaning operations (Laera et al. 2005) . Figure 2 shows the sludge average concentrations at the equilibrium for the tested sludge ages. The biomass accumulation rate appeared to decrease for increasing sludge ages, and the TSS/VSS ratio remained above 75%.
The adoption of a constant VLR for all the tested SRT resulted in the decrease of the organic loading rate (OLR) for increasing steady state biomass concentrations. As a consequence, a lower yield was also observed for higher sludge ages. Figure 3 reports the relationship between these two parameters and shows that for OLR below 0.15 gCOD gVSS 21 d 21 (i.e. SRT above 80 d) the yield rapidly decreased towards minimized values, corresponding to maintenance metabolism. Moreover, Figure 4 shows that when the OLR is plotted versus 1/SRT (representing the volume of sludge daily removed from the reactor for maintaining each given sludge age), a minimum OLR value of 0.06 gCOD gVSS 21 d 21 was approached for SRT tending to complete retention.
These observations confirm previous findings stating that when very low organic loads are maintained the sludge net growth is negligible (Laera et al. 2005) .
On the other hand, Figure 4 also shows that for low values of the SRT the system does not allow for OLR higher than 0.5 gCOD gVSS 21 d 21 . Therefore, once the VLR and SRT are defined, the biomass spontaneously grows towards a steady state value that only allows a limited OLR to be reached, and this can be considered another advantge of MBR with respect to CAS in terms of process control.
The results of respirometric tests showed that the biological activities of the three tested bacterial groups (heterotrophics, ammonium oxidizers, and nitrifiers) remained within a defined range independent of the SRT (Figure 5a) . Specific activities were observed to be lower for the higher SRT due to the tendency towards accumulation of inert material (Figure 5b) . Figure 6 shows the average values of the main physical parameters for the different sludge ages. Similar trends can be noticed for the SRF, CST, and limit viscosity, suggesting a definite behaviour of the MBR sludge at increasing SRT.
CONCLUSIONS
The results of four years of experiments on the effects of different sludge retention times on the characteristics of MBR biomass showed that the biology of the system is less influenced than physical parameters. In particular, the VSS/TSS ratio remained almost unvaried for all the tested conditions, but the growth yield was observed to dramatically drop for SRT higher than 80 days. The overall biological activities of the three main bacterial groups (heterotrophs, ammonium oxidizers, and nitrifiers) were observed to be maintained for sludge ages ranging between 20 days and complete retention. These considerations suggest that high SRT are suitable in terms of very limited excess sludge production without losses of the treatment capacity of the system. Physical characteristics such as the viscosity and the filterability appeared to be negatively affected by prolonged sludge retention times, although their values remained within the ranges normally reported for conventional activated sludge.
These results show that under the tested conditions the operation of the MBR with a sludge age above 80 days was technically feasible without any loss of treatment performance and with potential benefits in terms of sludge management costs. 
